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Abstract

Background—~Research suggests that posttraumatic stress disorder (PTSD) is associated with
metabolic syndrome (MetS) and that PTSD-associated MetS is related to decreased cortical
thickness. However, the role of genetic factors in these associations is unclear. This study
evaluated contributions of polygenic obesity risk and PTSD to MetS and of MetS and polygenic
obesity risk to cortical thickness.

Methods—196 white, non-Hispanic veterans of the wars in Irag and Afghanistan underwent
clinical diagnostic interviews, physiological assessments, and genome-wide genotyping; 168 also
completed magnetic resonance imaging scans. Polygenic risk scores (PRSs) for obesity were
calculated from results of a prior genome-wide association study (Speliotes et al., 2010) and PTSD
and MetS severity factor scores were obtained.
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Results—Obesity PRS (B =.15, p=.009) and PTSD (B =.17, p=.005) predicted MetS and
interacted such that the association between PTSD and MetS was stronger in individuals with
greater polygenic obesity risk (B =.13, p=.02). Whole-brain vertex-wise analyses suggested that
obesity PRS interacted with MetS to predict decreased cortical thickness in left rostral middle
frontal gyrus (B =-.40, p<.001).

Conclusions—Results suggest that PTSD, genetic variability, and MetS are related in a
transactional fashion wherein obesity genetic risk increases stress-related metabolic pathology, and
compounds the ill health effects of MetS on the brain. Genetic proclivity towards MetS should be
considered in PTSD patients when prescribing psychotropic medications with adverse metabolic
profiles. Results are consistent with a growing literature suggestive of PTSD-related accelerated

aging.
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Posttraumatic stress disorder (PTSD) is associated with elevated risk for metabolic
syndrome (MetS; Rosenbaum et al., 2015b), a condition defined by obesity, dyslipidemia,
hypertension, and elevated blood sugars (National Cholesterol Education Program [NCEP],
2001). MetS is a major risk factor for the development of cardiac disease, type 2 diabetes,
and other common medical conditions (Wilson et al., 2005). Two recent meta-analyses
found that the prevalence of MetS was approximately two times higher in PTSD samples
compared to controls, with an estimated prevalence of approximately 40% (Bartoli et al.,
2013; Rosenbaum et al., 2015b). Moreover, a recent longitudinal study of young veterans
returning from the wars in Iraq and/or Afghanistan found evidence of premature
development of MetS among those with PTSD and suggested that PTSD severity was
associated with increasing metabolic risk over time (Wolf et al., 2016a).

Twin and molecular studies suggest that genetic factors contribute to the development of
specific MetS features (Avery et al., 2011), to their comorbidity (Avery et al., 2011; Kraja et
al., 2011), and to the MetS diagnosis (Kraja et al., 2011). The most critical component of
MetS is obesity (NCEP, 2001). Twin and molecular studies suggest that genetic factors
influence approximately 40-80% of the variance in obesity-related indices such as body
mass index (BMI), waist circumference, and waist-to-hip ratio (Maes et al., 1997;
Silventoinen et al., 2016). The influence of additive and non-additive genetic factors on
obesity may increase with age (Silventoinen et al., 2016), highlighting the changing role of
genetic factors over time. A genome-wide association study (GWAS) of BMI that included
discovery and replication samples totaling nearly 250,000 subjects of European ancestry
(Speliotes et al., 2010) provided support for 32 loci with significant GWAS-level
associations (p < 5 X 1078) with BMI that together explained 1.45% of the variance in BMI
and individually increased the odds of obesity by 1.6% to 20.3%. Many of the strongly
associated variants were located in genes that had previously been associated with BMI or
related phenotypes, including fat mass and obesity-associated (~70, the top variant was
located in this gene), brain-derived neurotrophic factor (BDNF), melanocortin 4 receptor
(MC4R), and neuronal growth regulator 1 (VEGRI). A gene network analysis of the 32 top-

Brain Behav Immun. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al.

Page 3

associated single nucleotide polymorphisms (SNPs) revealed enrichment in pathways related
to metabolism, immune functioning, growth factors, neurogenesis, and neural cell
differentiation, among others (Speliotes et al., 2010).

GWAS results have been used to develop polygenic risk scores (PRSs) that summarize SNP-
level phenotypic associations into a single variable that captures the additive weighted
contribution of common genetic variation to the phenotype (Purcell et al., 2009; Dudbridge,
2013). While the vast majority of SNPs included in a PRS have no individual predictive
value, PRSs have been shown to explain a greater proportion of phenotypic variance
compared to the top GWAS SNPs (e.g., Lango Allen et al., 2010). Speliotes et al. (2010)
used the aforementioned BMI GWAS to compute a PRS for BMI; using a p-value threshold
of .05, this risk score explained 2.5% of the variance in BMI.

Based on the forgoing, one goal of this study was to build on our prior work on the
relationship between PTSD and MetS by examining associations with an index of polygenic
risk for increasing BMI, which we refer to as “obesity polygenic risk” because the high end
of the BMI dimension is obesity. Although not yet evaluated in the context of PTSD, one
prior study found that a polygenic score (termed “BMI polygenic profile score™), derived
from the same BMI GWAS (Speliotes et al., 2010) that we utilized in this study, interacted
with major depression such that polygenic scores were more strongly associated with BMI
among those with depression (Clarke et al., 2015). In this study, we tested if genetic risk (as
opposed to psychiatric condition) moderated the association between PTSD and MetS (see
Kraemer, 2012).

MetS has also been shown to be associated with indices of neural health and integrity, such
as cortical thickness. Song et al. (2015) reported reduced cortical thickness primarily in
parietal regions in MetS patients compared to controls. Further, our group recently showed
in whole-brain analyses conducted in the same young veteran sample that is the focus of this
investigation, that PTSD-related MetS was associated with reduced cortical thickness in
bilateral temporal and parietal regions and in right frontal regions, including orbitofrontal
cortex, rostral anterior cingulate cortex, and central sulcus, which divides frontal and parietal
lobes (Wolf et al., 2016c¢). These results raise the possibility that premature cortical thinning
may be influenced by MetS.

However, it is also possible that genetic variability, which was not evaluated in our prior
study, could account for some or all of the effects of MetS on cortical thickness or otherwise
alter the nature of the association between MetS and cortical thickness. In this study, we
evaluated alternative hypotheses concerning the possible associations between genes, MetS,
and cortical thickness. First, we hypothesized that genetic variability could directly influence
both MetS and cortical thickness (i.e., a shared main effect on both variables). If this were
the case, we reasoned that the association between MetS (i.e., an acquired condition) and
decreased cortical thickness would be better accounted for by the obesity PRS. Prior
evidence supporting this hypothesis comes from research suggesting pleiotropic effects of
genes on both obesity and brain structure. Specifically, a linkage study among Mexican
American families found overlapping genetic contributions to obesity, cortical surface area
in temporal, parietal, and frontal regions, and subcortical volume (Curran et al., 2013).
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Overlap between genetic risk for obesity and white matter microstructural integrity (in the
corpus callosum and superior fronto-occipital tract) has also been reported (Spieker et al.,
2015). SNPs in a number of candidate genes, including 70 (Chuang et al., 2015), and
NEGRI (Dennis et al., 2014) have also been shown to contribute to both obesity and neural
structure and/or function.

An alternative hypothesis is that genetic risk for obesity moderates the association between
MetS and cortical thickness. In this case, the same genetic factors that might increase risk
for MetS could further interact with MetS expression to contribute to degraded neural
integrity. For example, one study of the BDNF val66met obesity-related variant found that
the met allele interacted with obesity to predict decreased cortical thickness in two frontal
regions, with main effects for both obesity and genotype on cortical thickness also evident
(Marqués-lturria et al., 2014). Given the various ways that genes could be associated with
indices of metabolic function and neural health in trauma-exposed individuals, we sought to
evaluate: (1) the main and interactive associations between obesity PRS and PTSD
symptoms on MetS; and (2) the main and interactive associations between obesity PRS and
MetS on cortical thickness.

Participants were 196 white, non-Hispanic (as determined through genetic ancestry analyses,
see below) veterans of the wars in Iraq and/or Afghanistan (Table 1). These participants
were a subset of the 346 mixed-ancestry veterans who were included in Wolf et al. (2016c¢)
who also had genotype data and who were of white, non-Hispanic ancestry. The sample for
this study was limited to this ancestral group because this population was the focus of
Speliotes et al. (2010) and PRSs are only appropriate for use in samples of similar ancestral
background to those in the original GWAS. All subjects participated in an assessment at the
Translational Research Center for TBI and Stress Disorders, a US Department of Veterans
Affairs (VA) Rehabilitation Research and Development Traumatic Brain Injury Center of
Excellence at VA Boston Healthcare System. Exclusion criteria were history of seizures
unrelated to head injury, neurological illness, active psychaotic or bipolar disorder, severe
depression or anxiety that interfered with data collection, active homicidal and/or suicidal
ideation with intent, cognitive disorder due to general medical condition other than traumatic
brain injury (TBI), and other unstable psychological diagnosis that would interfere with
accurate data collection. Men comprised 90.8% of the sample and the mean age was 31.61
years (SD: 8.33, range: 19 — 58). Of these, 168 underwent MRI (92.9% male) and were the
focus of the cortical thickness analyses; none of these subjects had a history of moderate or
severe TBI.

PTSD was assessed with the Clinician Administered PTSD Scale (CAPS; Blake et al.,
1995). The CAPS is a structured diagnostic interview that assesses the frequency and
intensity of each of the DSM-/VPTSD criteria. Frequency and intensity scores for each
criterion were summed to yield a total severity score and the DSM algorithm was applied to
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determine presence of PTSD diagnosis for descriptive purposes (based on frequency = 1 and
intensity = 2 rule for symptom presence). Symptoms for three periods of time were
evaluated: past month (current), post-military (worst period of symptoms following
discharge), and pre-military (if relevant pre-military trauma). Analyses in this study focused
on an index of PTSD severity across the lifespan: factor scores derived from a latent PTSD
severity variable (obtained via confirmatory factor analysis) indicated by total symptom
severity scores for each of the three PTSD assessment periods, as described in Wolf et al.
(2016b; Table 1). Trauma exposure was assessed with the Traumatic Life Events
Questionnaire (TLEQ, Kubany et al., 2000), a measure of exposure to 21 different types of
traumatic experiences, which were summed to form an index of the total number of lifetime
trauma exposure types.

Veterans provided informed consent and underwent diagnostic interviews by PhD-level
psychology professionals, blood draw for genotyping and metabolic assays, biophysiological
measurements (e.g., blood pressure, weight, height), and magnetic resonance imaging
(MRI). The study was approved by all relevant institutional review boards.

MetS Measurement—The MetS diagnosis was defined per the NCEP Adult Treatment
Panel (ATP) Il criteria (NCEP, 2001) for descriptive purposes. The main analyses focused
not on MetS classification but instead on factor scores reflecting latent MetS severity as
derived from a higher-order confirmatory factor analysis of the individual assay and
biophysiological measures as detailed in Wolf et al. (2016c). Specifically, the lower-order
factors in this model reflected blood pressure (indicated by systolic and diastolic blood
pressure readings), lipid/obesity (indicated by waist-to-hip ratio, BMI, high density
lipoprotein, and triglyceride levels), and blood sugars (indicated by fasting glucose and A
levels) and these three factors loaded together on a higher-order MetS factor. Factor scores
on latent MetS were the focus of analyses. This analytic approach avoids problems
associated with variation in MetS criteria across different diagnostic systems and those
associated with arbitrarily classifying individuals just above and below the MetS thresholds
into positive/negative groups. It also reflects the gradient of MetS severity better than a
single dichotomous determination and captures what is common across the individual MetS
indicators. Table 1 provides descriptive statistics for the measurements used to index the
latent variables.

Genotype Data—The genome-wide genotyping and cleaning of SNP data has been
described in detail elsewhere (Sadeh et al., 2016) and will only be briefly described here.
DNA was extracted from whole-blood samples, hybridized to Illumina HumanOmni2.5-8
microarrays, and scanned with an Illumina iScan System (lllumina, San Diego, CA)
according to manufacturer’s protocol. Samples were screened for cryptic relatedness and
mismatches between self-identified sex and X-chromosome heterozygosity using PLINK
(Purcell et al., 2007). Self-reported ancestry was confirmed by computing principal
components (PCs) which were generated by the program EIGENSTRAT (Price et al., 2006)
based on 100,000 SNPs merged with 1000 genomes phase 1 reference data (The 1000
Genomes Project Consortium, 2012). All subjects in the current analysis were self-reported
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white, non-Hispanic within 6 SDs of the EUR (European ancestry) sample mean on the first
10 PCs. Within these subjects, an additional set of PCs was computed for use in modeling
potentially confounding population substructure. Imputation of ungenotyped SNPs was
performed using IMPUTE2 (Howie et al., 2012) and the EUR 1000 genomes phase 1
reference data (The 1000 Genomes Project Consortium, 2012). SNPs with missing rates >
1%, as well as SNPs failing Hardy Weinberg equilibrium tests (o < 1076) were removed
prior to imputation.

MRI Acquisition and Processing—Structural scans were acquired on a 3-Tesla
Siemens Trio whole-body MRI scanner. Two T1-weighted images were collected (voxel size
= 1mm3, TR = 2530ms, TE = 3.32ms, FOV = 256, Matrix = 256 x 256, flip angle = 7°,
number of slices = 176) and averaged to create a single high contrast-to-noise image.
Cortical thickness was measured using the FreeSurfer image analysis suite (version 5.1),
which is available for download at http://surfer.nmr.mgh.harvard.edu. The preprocessing
pipeline included reconstruction of the cortical surface and spatial smoothing of 20mm full
width half maximum. Cortical surface models were manually checked and edited for
accuracy. Additional preprocessing details are provided in Supplementary Materials.

Statistical Analyses

Obesity PRS—PRSs are computed by obtaining the GWAS results from a study and using
these results as weights to compute a single score reflecting the weighted average of
genome-wide genotypes for subjects in a distinct sample (Purcell et al., 2009; Dudbridge,
2013). For GWAS of continuous traits, the weights are the estimated slope for each SNP
from the GWAS, which are used to average the additively coded SNPs (coded 0O, 1, or 2
copies) or imputed SNP dosages in the target sample. Usually, only SNPs with significance
under a pre-specified p-value threshold in the original GWAS results (e.g., all SNPs with p
<.05 or p< .5) are included in the p-value calculation.

We used the results of Speliotes et al. (2010) to compute an obesity PRS. Strand-ambiguous
genotypes (A-T and C-G SNPs), SNPs with a minor allele frequency less than 1% or with
IMPUTEZ2 quality scores less than 0.5, and SNPs that were not included in the Speliotes et
al. (2010) results were dropped from the imputed genotype data. The remaining SNPs were
trimmed for linkage disequilibrium (LD) using PLINK’s (Purcell et al., 2007) clumping
procedure with a /2 threshold of 0.2 in 500 kb window based on LD patterns in the 1000
Genomes EUR (European ancestry) sample. Then, SNPs with p < .05 in association with
BMI in Speliotes et al. were used to develop the weighted obesity PRS—the same p-value
threshold employed in the Speliotes et al. PRS. The final PRS was based on 17,955 SNPs.

Analytic Plan—We first employed hierarchical linear regression to examine the main and
interactive effects of PTSD and obesity PRS on MetS. To do so, population substructure (top
two PCs), age, sex, trauma exposure, PTSD severity factor scores (mean centered), and
obesity PRS (mean centered) were entered into the first step of a regression predicting MetS
factor scores. The mean centered PTSD X Obesity PRS was then entered into the second
step of the equation. Following this, we conducted three whole cortex vertex-based analyses
to examine the association between obesity PRS and MetS on cortical thickness. These
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analyses used the FreeSurfer command-line tool mri_glmfit. The first model examined the
main effect of obesity PRS controlling for PTSD factor scores, age, sex, and population
substructure (top two PCs). The second model also examined the main effect of obesity PRS
but added MetS factor scores to the aforementioned covariates. To the extent that significant
effects associated with the obesity PRS were no longer significant in this second model, this
would suggest that the effects were better accounted for by MetS (the only new variable in
the second model). The third model examined the association between the interaction of
obesity PRS and MetS factor scores on cortical thickness, controlling for the main effects of
latent MetS and obesity PRS as well as age, sex, population substructure, and PTSD factor
scores. In all of these analyses, the vertex-wise significance threshold was set at p < .05,
following recent research (Williams et al., 2017).

For each whole brain regression, multiple comparison correction was performed using a
clusterwise procedure available in the FreeSurfer processing stream as mri_glmfit-sim
(Hagler et al. 2006) with a clusterwise p-value of p < .05 (see Supplementary Materials for
details). Briefly, this approach (Hagler et al., 2006; Segonne et al., 2004) generates a
normally distributed synthesized z-map using an iterative procedure based on 10,000
replicates to determine the maximum possible size of adjacent (clustered) vertices for each
hemisphere. Then, the obtained results are compared against the multiple-testing corrected
maximum synthesized clusters to determine if the obtained clusterwise p-value is more
significant than would be expected by chance based on the simulation. We extracted cortical
thickness scores from significant clusters for use in follow-up analyses.

Sample Characteristics

The prevalence of lifetime PTSD was 73.0% (Table 1) and the prevalence of MetS was
12.2%. Fifty-seven percent met at least one MetS criterion, and 29.6% met the NCEP ATP
I11 waist-to-hip ratio criterion for obesity. The mean number of different types of lifetime
traumatic experiences was 3.09 (SD: 2.59), and the mean maximum CAPS PTSD severity
score across the three periods of assessment (current, post-deployment, pre-deployment) was
65.03 (SD: 32.88). The mean maximum duration of PTSD symptoms across the three
periods of assessment was 62.17 months (SD: 65.46). Anti-depressant use was reported by
24.5% of the sample and sedative/hypnotic use by 8.7%.

PTSD and Polygenic Obesity Risk as Predictors of MetS

As shown in Table 2, significant predictors of MetS from the first step of the regression
equation included age (B = .39, p<.001), sex (B = -.57, p<.001; with men showing
greater MetS severity), lifetime trauma exposure (f = .13, p=.032), polygenic obesity risk
(B = .15, p=.009), and latent lifetime PTSD severity (B = .17, p=.005). In total, this first
step accounted for 45.3% of the variance in MetS severity. The association between PTSD
and MetS was moderated by polygenic obesity risk (B =.13, p=.022) and explained an
additional (and statistically significant) 1.5% of the variance in MetS.1 Figure 1 depicts the
association between latent lifetime PTSD severity and latent MetS severity as a function of
high versus low levels of polygenic obesity risk (for the purposes of the figure, split at the
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median for polygenic risk). It shows the increased strength of association between PTSD and
MetS among those with greater polygenic risk.

Follow-up analyses focused on potential confounds of our main and interactive effects,
including education, and cigarette and anti-depressant use, are reported in the
Supplementary Materials. In addition, we evaluated additional potential interaction term
confounds of our main findings and detail these in the Supplementary Materials. We also
examined if obesity PRS was associated with PTSD factor scores. None of these additional
analyses impacted the pattern of results reported in the main text. Finally, to evaluate the
specificity of this effect to PTSD, we examined if diagnostic or dimensional indicators of
major depressive disorder, generalized anxiety disorder, panic disorder, or alcohol-use
disorders were included in place of PTSD. None of these variables significantly predicted
MetS or interacted with the obesity PRS (see Supplementary Materials).

MetS and Polygenic Obesity Risk as Predictors of Cortical Thickness

The first whole cortex analysis focused on the main effect of obesity PRS, controlling for the
aforementioned demographic covariates and PTSD symptom factor scores. This analysis
yielded significant clusters in the left temporal pole and right middle temporal gyrus (i.e.,
overlapping with Wolf et al., 2016¢) that survived multiple comparison correction such that
increasing obesity polygenic risk was associated with reduced thickness in these regions
(Table 3). However, when MetS factor scores were added as covariates in a second model,
the effect of the polygenic score was reduced for the left temporal pole, such that the cluster
associated with it was smaller compared to the first model (Table 3). This implies that some
of the effects that appeared to be attributable to obesity PRS in the first analysis were better
accounted for by MetS.2 In contrast, PRS associations with the right middle temporal gyrus
in the first model were essentially unchanged in the subsequent model that controlled for
MetS severity. Associations between obesity PRS and cortical thickness from the second
model are shown in Figure S1. The third analysis examined the interaction of obesity PRS
and MetS severity controlling for the aforementioned demographic covariates and the main
effects of obesity PRS, MetS, and PTSD factor scores. This analysis revealed a significant
cluster in the left rostral middle frontal gyrus that survived multiple comparison correction
(Table 3 and Figure 2). Cortical thickness values were extracted for this region for each
subject for subsequent analyses.

In order to quantify the contribution (with respect to % variance explained) of the MetS by
obesity PRS interaction on cortical thickness values in the left rostral middle frontal gyrus,
we ran a regression model predicting thickness values in this region as a function of the
main and interactive effects of mean-centered MetS and obesity PRS, and controlling for the
effects of the PCs, age, sex, and PTSD factor scores. Results suggested that only the second
step of the model (i.e., the interaction of MetS by obesity PRS) was statistically significant,

1\e re-ran this model controlling for all 10 PCs and found results to be essentially unchanged. The obesity PRS continued to exert a
significant main effect on MetS factor scores (p = .02) and the interaction term added in step 2 explained an additional 1.4% of the

variance (p=.03).

We did not conduct a whole brain analysis for MetS controlling for obesity PRS as that would substantially duplicate the analyses
reported in Wolf et al. (2016c). However, we did confirm that MetS continued to evidence significant associations (all p < .001) with
each of the six cortical thickness clusters identified in our prior paper with obesity PRS included in the model.
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accounting for 15.5% of additional variance beyond step 1 (see Table 4).3 To visualize this
effect, we plotted the association between latent MetS scores and thickness in this region as
a function of each subject being below or at/above the full sample median on obesity PRS
(Figure 3). This revealed that those with greater genetic risk showed a strong negative
relationship between MetS and cortical thickness while those with less genetic risk showed a
weaker and non-significant positive association between these variables. Evaluation of
potential confounds of this association are detailed in the Supplementary Materials and did
not alter the main pattern of results.

Discussion

Understanding the complexity of genetic and environmental contributions to metabolic
disease and related effects on cortical thickness is of critical importance in identifying the
biological mechanisms underlying health and neuronal decline, determining potential
individual differences in pathways to such pathology, evaluating risk for disease, and
developing interventions to treat symptoms. Our results suggest that the well-established
association between PTSD and MetS (Rosenbaum et al., 2015b) varies as a function of
genetic risk: greater genetic risk for obesity accentuated the association between PTSD
severity and metabolic pathology. This gene X PTSD association was independent of the
significant main effects of both genes and PTSD, suggesting that even within the PTSD
population, there are multiple independent paths to MetS—any given individual might be at
risk by virtue of genotype alone, PTSD alone, or the synergy between them. We found no
evidence that genetic risk for obesity was associated with PTSD (see Supplementary
Materials), suggesting that the association between PTSD and MetS was not simply a
function of shared genetic effects (though see, Sumner et al., 2017).

Results also suggested that genetic risk is implicated in reduced cortical thickness in
temporal regions that have previously been associated with obesity and MetS (Wolf et al.,
2016c¢) and may further interact with the expression of MetS to predict decreased cortical
thickness in the left rostral middle frontal gyrus. Neither Wolf et al. (2016¢) nor Song et al.
(2015) identified this brain region previously in association with MetS; thus these results
raise the possibility that genetic variation modifies the regions of the brain that are
vulnerable to MetS-related pathology. The left rostral middle frontal gyrus is part of the
dorsolateral prefrontal cortex (DLPFC; Kikinis et al., 2010), which is critical to cognitive
control (i.e., executive functions; Burzynska et al., 2012). There is evidence that functional
activity in this region is implicated in the association between poor inhibitory control and
obesity (Batterink et al., 2010) and prospectively predicts weight gain and dieting success
(Lavagnino et al., 2016). Further, a meta-analysis found evidence of reduced activity in the
left DLPFC among obese subjects relative to controls in response to food-related visual
stimuli (Brooks et al., 2013). This further implicates the region in behavioral control of
eating. This area is also critical for affect control and regulation which may have particular
bearing on these results given the association between PTSD and MetS in this sample.

3We re-ran this model controlling for all 10 PCs and the results were essentially unchanged with the interaction term in step 2
explaining an additional 14.5% of the variance (p < .001) in thickness of this region.
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Chronic PTSD symptoms may initiate a chain reaction of stress-related cellular changes
(e.g., increased autonomic reactivity and inflammation, and dysregulated hypothalamic-
pituitary-adrenal [HPA] axis functioning) that increase the risk of metabolic pathology
directly (Levine et al., 2014) and that also further tax a genetically vulnerable biological
system. At the same time, the cumulative effects of psychotropic medication use
(Vancampfort et al., 2015), poor sleep (Koren et al., 2016), and poor nutrition and exercise
(Grundy et al., 2005), which are also associated with PTSD (Hall et al., 2015; Krystal et al.,
2016), could be part of a behavioral pathway that sets metabolic pathology in motion in
those most prone to it. Genetic vulnerability could reflect an increased propensity towards
metabolic pathology (e.g., greater than normal blood pressure reactivity in response to
stress) and/or a deficiency in compensatory processes that would otherwise preserve
metabolic homeostasis under conditions of biological, psychological, or behavioral stress.

Many of the biological pathways that could help explain the relationship between genetics,
PTSD, and MetS are also likely candidates for understanding the associations between
genetics, MetS, and cortical thickness. For example, both PTSD (Passos et al., 2015) and
metabolic pathology (Mirhafez et al., 2016) are associated with substantial peripheral
inflammation which, over-time, can degrade vasculature structures that are important to the
integrity of the blood-brain barrier (Man et al., 2007; Mauro et al., 2015). Increased blood-
brain barrier permeability would allow for neuroinflammation (Man et al., 2007) and, in
turn, neuroinflammation can promote neurodegeneration (Mauro et al., 2015), possibly by
prompting neuronal shrinkage (Cardoso et al., 2015). Genetic risk for MetS could potentially
play a role in this by causing regions of the brain to be more vulnerable to the effects of
peripheral inflammation, and by directly contributing to the metabolic pathology that
degrades blood-brain barrier integrity.

Findings of this study suggest transactional relationships between PTSD, genetic risk for
obesity, and MetS wherein genetic risk for obesity increases PTSD-related metabolic
pathology, and then further compounds the ill health effects of MetS on the brain. In this
model, PTSD could promote excessive metabolic pathology among those genetically
vulnerable to this physiological response. Additionally, metabolic pathology might degrade
the integrity of the DLPFC only among those with a genetic vulnerability to neural
degeneration in this region. However, other models are also possible; longitudinal studies are
necessary to determine how genetic variability modifies risk for both MetS and neural
integrity.

Clinical implications

The results of this study carry important clinical implications. For example, given that
psychotropic medication use (especially anti-psychotic) is associated with substantial weight
gain and associated metabolic disease (Azevedo Da Silva et al., 2016), results bear on the
question of whom within the PTSD population should be prescribed these medications.
Individuals with a genetic proclivity to weight gain may be poor candidates for these
prescriptions. In contrast, given burgeoning data suggestive of possible therapeutic effects of
exercise on PTSD symptoms and metabolic health (Rosenbaum et al., 2015a), those with
high genetic risk for MetS may be good candidates for an exercise intervention to reduce
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both PTSD symptoms and metabolic disease. In the near future, assessing individual genetic
risk for obesity and MetS could be part of a personalized medicine approach to identifying
the ideal treatment and preventing further pathology.

Results should be interpreted in light of study limitations. First, this was a cross-sectional
study and thus we cannot infer causal associations among PTSD, MetS, and cortical
thickness. This is important given that there is evidence both for metabolic traits, such as
obesity, predicting subsequent neural degeneration (Gustafson et al., 2004) as well as
evidence that neurocognitive deficits precede obesity (Belsky, et al., 2013). Second, there
may be genetic markers that contribute to cortical thickness that we did not evaluate and that
could account for the effects of MetS in these results. We are not aware of any polygenic
cortical thickness scores that could be used to address this concern. PRSs also have several
limitations including that heritability estimates based on polygenic methods only summarize
the additive genetic contribution of common variants, and hence they tend to be lower than
the heritability estimates from twin studies. Results were also limited by our focus on
military veterans with a high prevalence of PTSD and by the emphasis on predominately
male veterans of white, non-Hispanic ancestry. Related to this, due to the small number of
women in the sample, we were unable to examine sex as a moderator of associations as this
would amount to three-way interactions and we would be under-powered to observe such
effects. Additional research in larger samples with a greater percentage of women is needed
to address this concern. Finally, our sample was relatively small for genetic association
studies, though quite sizable for neuroimaging genetics research, and did not include a
replication sample. Additional research is needed to replicate and extend these associations
in new samples.

Conclusions

Results contribute to a growing literature suggesting that PTSD is associated with substantial
health decline and further indicate the independent and synergetic roles of genetic risk in
association with metabolic pathology. This is consistent with the theory that PTSD may be
related to an accelerated aging process (Miller & Sadeh, 2014) in which medical morbidities
manifest prematurely—this type of accelerated aging may be accentuated as a function of
genetic risk. In turn, metabolic pathology may be part of a pathway that further contributes
to premature neuronal degradation (Wolf et al., 2016c), with the implicated brain regions
partially dependent on underlying genetic vulnerability. Reduced cortical thickness may also
be a sign of accelerated cellular aging, particularly among those with psychological and
metabolic stress. Given this, it is important to develop behavioral and pharmacological
interventions that are matched to the individual and that reduce PTSD symptoms and prevent
premature health decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 shows the scatter plot for the association between latent lifetime PTSD severity and
latent metabolic syndrome factor scores as a function of high versus low levels of polygenic
obesity risk. The solid line reflects the association between PTSD severity and MetS for
individuals with greater polygenic obesity risk while the dotted line reflects that association
for those with lower polygenic obesity risk. The figure does not account for the covariates
that were included in the associated regression model. *p < .05.
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Figure 2.
Figure 2 shows areas of decreased cortical thickness in left rostral middle frontal gyrus that

emerged from the whole-brain analysis focused on the interaction between MetS factor
scores and obesity polygenic risk, controlling for the main effects of these variables, PTSD,
and demographic covariates. From left to right, the lateral, rostral, and ventral views of the
left cortex are shown.
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Figure 3.
Figure 3 shows the scatter plot for the association between MetS factor scores and cortical

thickness in the left rostral middle frontal gyrus as a function of high versus low levels of
polygenic obesity risk. The solid line reflects the association between MetS severity and
cortical thickness for individuals with greater polygenic obesity risk while the dotted line
reflects that association for those with lower polygenic obesity risk. The figure does not
account for the covariates that were included in the associated regression model. ***p < .
001.
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Table 1

Demographic, Metabolic, and Psychiatric Participant Characteristics (N = 196)

Variable M (SD) n (%)
Demographic

Sex (male) 178 (90.8)

Age 31.61(8.33)

Race & ethnicity (WNH) 196 (100)
Metabolic

Body mass index 27.89 (4.49)

Waist/hip ratio .88 (.07)

Systolic BP 115.92 (12.57)

Diastolic BP 74.87 (9.77)

HDL 46.50 (11.88)

Triglycerides? 138.61 (135.01)

Glucose 87.77 (28.99)

Hemoglobin Alc 5.35 (.55)
Psychiatric

Max lifetime PTSD severity 65.03 (32.88)

Lifetime PTSD dx 143 (73)

Page 19

Note. Mean scores on latent variables (e.qg., latent metabolic syndrome, latent PTSD severity) are not provided because factor scores derived from
confirmatory factor analyses are mean centered at 0. WNH = white non-Hispanic; BP = blood pressure; HDL = high density lipoprotein; PTSD =

posttraumatic stress disorder; dx = diagnosis.

a . . . . .
Two outliers affected the mean and SD. Based on this, regression analyses were re-run with the outliers removed and results were unchanged from

that reported in the main text, thus they were included in all analyses.
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Table 2

Regression Results: PTSD, Obesity PRS, and their Interaction as Predictors of Latent MetS

Step/Variable R2 B SE B p
Step 1 453 <.001
PC1 -03 04 -05 .36
PC2 -.03 .04 -.05 42

Age 002 <001 .39 <.001
Sex -09 009 -57 <.001
Trauma total .002  .001 13 .032
Latent PTSD sev .04 .01 17 .005
Obesity PRS 01 .04 15 .009
Step 2 469 <.001
Latent PTSD sev X Obesity PRS .04 .02 13 .022

Note. Latent PTSD sev, Obesity PRS, and their interaction were mean centered. MetS = metabolic syndrome; PC = principal component (for
ancestry); PTSD = posttraumatic stress disorder; sev = severity; PRS = polygenic risk score.
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Table 4

Regression Results: Obesity PRS, MetS, and their Interaction as Predictors of Cortical Thickness in the Left
Rostral Middle Frontal Gyrus

Step/Variable R2 B SE B p
Step 1 .038
PC1 .03 19 .01 .87
PC2 -11 19 -.05 .56
Age -.002 .002 -.10 .28
Sex -.03 .06 -.05 .59
Latent PTSD sev -.003 .06 -.004 .96
MetS -3 39 -.08 44
Obesity PRS -.03 .02 -.13 A1
Step 2 192
Latent MetS X Obesity PRS -251 46 -40 <.001

Note. Mean centered variables were examined for MetS, obesity PRS, and their interaction. MetS = metabolic syndrome; PC = principal
component (for ancestry); PTSD = posttraumatic stress disorder; sev = severity; PRS = polygenic risk score.
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